The signaling lymphocyte activation molecule (SLAM) family includes homophilic and heterophilic receptors that modulate both adaptive and innate immune responses. These receptors share a common ectodomain organization: a membrane-proximal immunoglobulin constant domain and a membrane-distal immunoglobulin variable domain that is responsible for ligand recognition. CD84 is a homophilic family member that enhances IFN-␥ secretion in activated T cells. Our solution studies revealed that CD84 strongly self-associates with a Kd in the submicromolar range. These data, in combination with previous reports, demonstrate that the SLAM family homophilic affinities span at least three orders of magnitude and suggest that differences in the affinities may contribute to the distinct signaling behavior exhibited by the individual family members. The 2.0 Å crystal structure of the human CD84 immunoglobulin variable domain revealed an orthogonal homophilic dimer with high similarity to the recently reported homophilic dimer of the SLAM family member NTB-A. Structural and chemical differences in the homophilic interfaces provide a mechanism to prevent the formation of undesired heterodimers among the SLAM family homophilic receptors. These structural data also suggest that, like NTB-A, all SLAM family homophilic dimers adopt a highly kinked organization spanning an end-to-end distance of Ϸ140 Å. This common molecular dimension provides an opportunity for all two-domain SLAM family receptors to colocalize within the immunological synapse and bridge the T cell and antigen-presenting cell.
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homophilic ͉ dimer ͉ affinity M embers of the signaling lymphocyte activation molecule (SLAM) family modulate a wide range of immune responses, including T cell activation, memory B cell generation, antibody production, and natural killer cell activation (1) . The genes encoding SLAM family members, including SLAM (CD150), NTB-A (SLAM6), CD84, 19A (CRACC), Ly-9 (CD229), 2B4 (CD244), CD48, SLAMF8, and SLAMF9 (2, 3) , are tightly clustered on human chromosome 1 at 1q23 and mouse chromosome 1 at 1H2 (4) . The SLAM family is a subset of the CD2 family, which also includes CD2 and CD58 located on chromosome 1 at 1p13 in humans. In mice, CD2 is located on chromosome 3 (5), and there is no CD58 homologue. The SLAM/CD2 family members share a similar ectodomain organization, with a membrane-distal immunoglobulin variable (IgV) domain that is responsible for ligand recognition and a membrane-proximal truncated immunoglobulin constant-2 (IgC2) domain. The sole exception is the Ly-9, which contains a tandem repeat of the IgV-IgC2 motif. It is notable that the binding partners of all characterized SLAM/CD2 family members are from the same family, and there exist both homophilic (e.g., CD150, CD84, Ly9, and NTB-A bind with themselves) and heterophilic interactions (e.g., 2B4 binds with CD48, and CD2 binds with CD58) (4) .
Elements of the signaling pathways initiated by engagement of the SLAM family receptors operate through the SLAMassociated protein (SAP) and the related EWS-activated transcript 2 (EAT-2). Missense mutations in SAP that impair interactions with SLAM family receptors affect processes involving CD4 ϩ and CD8 ϩ T cells, natural killer cells, natural killer T cells, B cells, and platelets. In particular, defects in SAP are associated with inherited X-linked lymphoproliferative syndrome, which is characterized by a dysregulated immune response to infection by Epstein-Barr virus, B cell lymphomas, and dysgammaglobulinemia (4) . Notably, blockade of 2B4 in wildtype cytotoxic T lymphocytes results in defects analogous to those observed in SAP-deficient cytotoxic T lymphocytes (6) . Furthermore, CD150-, NTB-A-, and Ly-9-deficient mice also show similar T cell defects (7) (8) (9) .
Of particular note is CD84, a homophilic receptor expressed on T cells, B cells, dendritic cells, monocytes, macrophages, eosinophils, mast cells, granulocytes, and platelets. CD84 expression increases the following activation of T cells, B cells, and dendritic cells (1) . Treatment of human T cells with CD84-Ig enhances TCR-induced IFN-␥ secretion presumably through homophilic engagement of cell surface CD84 (10) . It has also been demonstrated that CD84 homophilic engagement induces platelet stimulation (11) .
Our analytical ultracentrifugation (AUC) analyses of CD84 revealed a strong self-association with a K d in the submicromolar range. In combination with previously published work (12, 13) , the current study demonstrated that the homophilic affinities span at least three orders of magnitude. This finding suggested that differences in affinities might be a contributor to the different signaling behavior exhibited by the individual family members. The 2.0-Å crystal structure of the human CD84 IgV domain revealed a twofold symmetric homophilic dimer formed by the orthogonal association of front ␤-sheets from the interacting IgV domains. The CD84 homophilic interaction exhibited significant overall similarity with the recently published NTB-A homophilic dimer. Notably, the physical and chemical properties of the surfaces contributing to the dimer interfaces provide a potential mechanism to prevent unwanted heterodimerization (12) . The NTB-A and CD84 crystal structures provide models for other homophilic interactions in the SLAM family. monodisperse peaks on calibrated gel-filtration columns, with apparent molecular masses of 60 kDa and 32 kDa, respectively [supporting information (SI) Fig. 5 ]. These data suggested that CD84 is not monomeric in solution. A more quantitative assessment of the oligomeric state was provided by sedimentation velocity analysis. The observation that the normalized sedimentation factor g(s*) plots superimpose is strong evidence that, over the concentration range examined, reversible dissociation is not occurring (14, 15) (Fig. 1) . Analysis of the complete data sets with Sedphat version 4.04 (16) , using the model of a single ideal species, yielded molecular masses of 23.9 kDa and 44.1 kDa for the CD84 IgV domain and full-length ectodomain, respectively. These results indicated that over the concentration ranges studied both the IgV and the complete CD84 ectodomain exist as dimers (expected dimer molecular masses of 25.3 and 44.8 kDa, respectively), with no indication of dissociation to monomers or further aggregation beyond the dimers. The lack of detectable dissociation, over the concentration range examined, sets the upper limit for the K d at several hundred nanomolars.
SLAM Family Members Possess a Noncanonical IgV Domain. The asymmetric unit in the CD84 crystals contains six independent copies of the CD84 IgV domain ( Fig. 2A) , which exhibits the classic two-layer ␤-sandwich topology present in other IgV structures. The front and back sheets of the domain are composed of the AЈGFCCЈCЈЈ and BED strands, respectively ( Canonical IgV domains start with the A strand, followed by the AЈ strand, which form hydrogen bonds with the B and G strands, respectively; however, the N terminus of the CD84 IgV domain lacks the equivalent of the A strand and begins with the AЈ strand. Furthermore, the hallmark disulfide bond that links the B and F strands in canonical IgV domains is absent in CD84. Based on sequence analysis, both of these unique features are predicted to be present in all SLAM/CD2 family members and, in fact, have been directly observed in CD2, CD58 (17), 2B4 (18) , and NTB-A (12).
CD84 Forms Two Types of Dimers in the Crystalline
State. The six molecules in the asymmetric unit form two distinct interfaces. Head-to-tail dimers, involving the approximately orthogonal association of front-sheet strands (GFCCЈCЈЈ), are formed by the interaction of molecules A with B, molecules C with E, and molecules D with F ( Fig. 2 A) . These three independent dimers are very similar with rms deviations that range from 0.6 to 0.8 Å. Parallel, side-to-side dimers, formed by the association of molecules A with C, molecules B with D, and molecules F with the symmetry mate EЈ, are stabilized by interfaces formed by strands on the back sheet (AЈB) (SI Fig. 6 ). The rms deviations among the side-to-side dimers range from 0.82 to 1.14 Å. Given the similarities, only the AB head-to-tail dimer and the AC side-to-side dimer are discussed unless noted.
The head-to-tail dimers are roughly twofold symmetric, with the interacting sheets crossing at a nearly orthogonal angle and burying Ϸ1,460 to 1,480 Å 2 of solvent-accessible surface area. This interface is composed predominantly of neutral polar residues, which participate in 14 hydrogen bonds and a number of van der Waals contacts ( Fig. 2C and SI Table 1 ). No salt bridges contribute to this interface. Two predominant types of interactions, loop-to-strand and strand-to-strand, can be defined across this dimer interface. The strand-to-loop class includes side-chain-to-side-chain contacts formed by T38 and S39 on the CCЈ loop from molecule A with A33 on the C strand and D90 on the F strand from molecule B; and T57, H58, R59, and Y62 on the CЈЈD loop from molecule A with D90, N92 on the F strand, and T99 on the G strand from molecule B. The strandto-strand interactions include contacts between the side chains of A33 and T35 on the C strand of molecule A and side-chain and main-chain atoms on the C and CЈ strands from molecule B, as well as side-chain-to-main-chain contacts involving Y42 and A41 from opposing molecules. In addition, a loop-to-loop interaction is provided by the side and main chains of R59 and P97, respectively. Because of the twofold symmetry of the homophilic dimer, there are two independent, symmetry-related sets of the above interactions. Notably, the symmetry-related equivalents of Y42 from the CЈ strand of each molecule form a single stacking interaction that demarks the approximate middle of the interface. The interfaces in all three head-to-tail dimers are generally similar, and a number of the contributing residues are highly conserved (Fig. 2D) .
Molecules A and C contribute eight residues to the side-toside dimer interface, which buries Ϸ1,200 Å 2 of the surface area (SI Fig. 6 and SI Table 2 ). The side-to-side dimer interface has fewer direct hydrogen bonds (eight in the AC complex, three in the BD complex, and seven in the FEЈ complex) than the head-to-tail dimer interface (14 in the AB complex), although more water-mediated polar interactions are present in the side-to-side dimer interface. The head-to-tail dimer has a significantly higher shape complementarity (Sc) than the side-toside dimer, with average Sc values of 0.68 and 0.5, respectively (Sc values of 1.0 and 0 correspond to perfect complementarity and complete mismatch, respectively). The Sc value of 0.68 is slightly lower than protein-oligomer and protease-inhibitor interfaces (0.7-0.76) and is similar to that observed for antibody-antigen interfaces (0.65-0.68) (19) .
CD84 Head-to-Tail Dimer Is the Predominant Dimer in Solution.
Based on their conservation and predicted contribution to the headto-tail binding interface, 11 residues were mutated to alanine (T35, S39, Y42, T57, H58, R59, Y62, K88, D90, N92, and T99) and one to aspartic acid (Y42D) in the full-length ectodomain construct (CD84 IgVC domain). All mutants were expressed in Escherichia coli and successfully refolded in vitro, except for S39A. As judged by gel-filtration chromatography, seven mutant proteins (T35A, T57A, H58A, D90A, N92A, T99A, and Y42D) exhibited behavior consistent with a hydrodynamic radius significantly smaller than that of the wild-type protein (SI Fig. 7) . One of these mutants, T99A, was examined by sedimentation velocity analysis. The superimposition of the normalized g(s*) plots is strong evidence that, over the concentration range examined, there is no reversible association occurring (Fig. 1C) . Data for CD84-T99A were analyzed with Sedphat version 4.04 by using the hybrid model of a sedimentation coefficient distribution, c(s), plus a single ideal species (16) and yielded a molecular mass of 21.8 kDa. These results indicated that over the concentration range examined CD84-T99A is monomeric (expected monomer molecular mass of 22.4 kDa). It is likely that the T35A, T57A, H58A, D90A, and N92A mutations also disrupted the head-to-tail dimer interface because the corresponding proteins exhibited chromatographic behavior similar to that of T99A. The Y42A, R59A, Y62A, and K88A mutant proteins exhibited chromatography properties similar to the wild-type protein (SI Fig. 7) , suggesting a lesser effect on the homophilic dimerization. Notably, the Y42D mutation, which likely introduces an unfavorable electrostatic interaction between symmetry-related side chains across the interface, resulted in the disruption of the dimer (SI Fig. 7) . The N10A and Q24A mutants located in the crystallographically observed side-to-side dimer interface had no effect on the chromatographic behavior (data not shown), arguing against the existence of the side-to-side dimer in solution. Taken together, these results support a model in which the head-to-tail dimer is the predominant oligomeric state of CD84 in solution.
Discussion
Gel-filtration and AUC data showed that both the CD84 IgV and CD84 IgC domains exist as tight dimers in solution, with K d in the submicromolar range. The crystal structure of the CD84 IgV domain suggested two potential dimerization modes; however, biophysical, biochemical, and mechanistic considerations support the head-to-tail dimer as the physiologically relevant species. The head-to-tail dimer buries a larger interface than the side-to-side dimer (Ϸ1,400 vs. 1,200 Å 2 ) and exhibits significantly higher shape complementarity (Sc values of 0.68 vs. 0.5). Mutagenesis experiments also support the existence of the headto-tail dimer because the mutation of residues in the putative head-to-tail dimer interface (T35A, T57A, H58A, D90A, N92A, T99A, and Y42D) resulted in solution behavior consistent with the disruption of the dimer (SI Fig. 7) . The CD84 head-to-tail dimer exhibited the same twofold symmetrical organization recently reported for the full NTB-A ectodomain and, most important, is consistent with the formation of an intercellular (T cell-APC) homophilic dimer that can support signaling (see below) (12) .
The structures of the CD84 IgV domain, the complete NTB-A ectodomain, and the CD2-CD58 complex provide the basis for examining the features that define and distinguish the homophilic and heterophilic interactions within the CD2/SLAM family. The CD84 and NTB-A homophilic dimers exhibit several common features that contribute to the binding interface. Multiple side-chain functionalities contributed from the F strand form hydrogen bonds across the interface (Fig. 3B) . The equivalent residues in F strands from Ly-9 and CRACC, except for G58 in CRACC, have the capability of participating in hydrogen bond interactions through their side chains, suggesting that similar contacts contribute to all SLAM family homophilic interactions. In addition, an aromatic residue (F42 and Y42 in the CЈ strand from NTB-A and CD84, respectively) and its symmetry mate participate in a hydrophobic stacking interaction that marks the approximate center of these homophilic interfaces. The equivalent residue in Ly-9, F42, is likely to participate in similar interactions (SI Fig. 8) .
Although the CD84 and NTB-A dimers exhibit considerable similarities in their overall organization, there are also detailed differences. The CD84 dimer interface is predominately hydrophilic, in contrast to the NTB-A dimer interface, which contains a considerable number of hydrophobic residues (SI Fig. 9 ). In addi- tion, the dimer interface of NTB-A is less planar than that of CD84 because the CЈ strand and the CCЈ loop of NTB-A bend away from the back sheet (i.e., toward the dimer interface). In NTB-A, H54 from the CЈЈ strand contacts F30 and Y42 from the symmetryrelated C and CЈ strands, respectively. However, in CD84, the CЈЈ strand is shifted away from the dimer interface, which prevents contacts with the C and CЈ strands on the associating molecule. In addition, the side chain of the first residue (T99) of the G strand in CD84 forms a hydrogen bond with the side chain of R59 in the CЈЈD loop from the associating molecule. In NTB-A, this interaction is absent because the corresponding residue is an alanine. The significant differences in the chemical and physical determinants that contribute to the CD84 and NTB-A interfaces suggest a mechanism to prevent the formation of undesired heterodimers among the SLAM family receptors.
Differences in the organization of the homophilic and heterophilic assemblies are best appreciated by the superposition of one molecule from each complex and the observation of the deviation in the placement of the second interacting molecule. Although there is only an Ϸ2-Å shift between the second CD84 and NTB-A molecules, CD58 deviates significantly (Ϸ10 Å) from the second CD84 and NTB-A molecules (Fig. 3A) . Of particular note is the lack of a significant electrostatic contribution to the homophilic interactions because there are fewer charged residues involved in the CD84 and NTB-A homophilic interfaces compared to the heterophilic CD2-CD58 interface. Instead, hydrogen bonds and van der Waals contacts provide most of the energy for the stablization of the CD84 and NTB-A homophilic dimers. The symmetric CD84 and NTB-A homophilic dimer interfaces exhibit high surface complementarity (0.68 for both molecules), in contrast to the relative poor shape complementarity of the CD2-CD58 interface (0.58). However, the magnitude of the interfaces are similar among the CD84, NTB-A, and CD2-CD58 dimers, with total buried surface areas of 1,460 Å 2 , 1,583 Å 2 , and 1,422 Å 2 , respectively. A model of the entire CD84 ectodomain homophilic dimer can be constructed on the basis of the full-length human NTB-A ectodomain crystal structure. Based on sequence and structural considerations, all SLAM family members possess a five-residue segment that connects the IgV and IgC domains. Furthermore, all family members possess hydrophobic residues at the equivalent positions of Tyr-105 and Val-179 in CD84, which likely participate in hydrophobic interactions that influence the relative orientation of the IgV and IgC domains. Finally, Asn-177 in the FG loop, which participates in side-chain-to-main-chain hydrogen bonds at the IgV-IgC interface, is invariant in the SLAM family. These interactions likely cause all two-domain SLAM family members to adopt a similar interdomain geometry, which results in a rodlike monomer similar to that observed in NTB-A (12). As suggested for NTB-A, based on this overall ectodomain organization, CD84 molecules contributed from the T cell and APC associate in an orthogonal fashion to form a kinked dimer, spanning an end-to-end distance of Ϸ140 Å. This distance is comparable to the linear dimensions of other pairs of signaling molecules within the immunological synapse (e.g., TCR/pMHC, CD2/CD58, and CTLA-4/B7) and is consistent with a size-based mechanism for localizing similarly sized molecular pairs to the central zone of the immunological synapse. These common molecular dimensions provide an opportunity for all two-domain SLAM family receptors to colocalize within the immunological synapse and bridge the T cell and APC (Fig. 4) .
Our AUC data demonstrate that CD84 self-associates with a K d in the submicromolar range. The homophilic affinity is in contrast to the NTB-A and CD150 homophilic interactions, which are characterized by K d of 2 M and 200 M, respectively (12, 13) . The three orders of magnitude range in homophilic affinities suggest a mechanistic basis for the overlapping, but distinct, biological functions exhibited by the SLAM family members. This notion is reminiscent of the optimal dwell times of the TCR-MHC interaction required for efficient T cell activation (20) . The SLAM family receptors are also distinguished by unique sequences in the cytoplasmic tails responsible for binding adaptor and signaling molecules. The importance of these differences is highlighted by the recent report that NTB-A splice variants possessing distinct numbers of immunoreceptor tyrosine-based switch motif exhibit different signaling capabilities in B cells (21) .
Our crystallographic and biochemical analyses support a model in which CD84 forms a kinked homophilic dimer that bridges the T cell and APC. Analytical ultracentrifugation studies also indicated that there were no higher oligomeric states beyond the dimer, suggesting that ligand binding-induced oligomerization, such as that proposed for the growth factor receptors, is unlikely to be part of the signaling mechanism used by CD84. Furthermore, the compact features of the IgV domain do not appear to be compatible with a conformational change that could facilitate downstream signaling. Therefore, we propose a model in which the homophilic association of CD84 molecules, on interacting T cells and APCs, induces the redistribution of freely diffusing CD84 molecules to the immunological synapse, resulting in a local enrichment of CD84 and its associated binding partners (i.e., SAP, EAT-2). This enrichment triggers a series of molecular events, which ultimately result in the enhancement of T cell activation and IFN-␥ secretion. Given the overall sequence and structural similarity, we propose that similar mechanisms are used by all SLAM family receptor members.
Experimental Procedures
Cloning, Expression, and Purification of CD84 IgV and IgC Domain Proteins. The extracellular IgV domain (110 amino acid residues excluding the initiator Met) and the entire ectodomain, composed of a membrane-distal IgV and a membrane-proximal IgC (IgVC; 199 amino acid residues excluding the initiator Met) of CD84, were expressed and refolded as described for B7-2 (22) . Briefly, CD84 IgV and IgC domains were expressed in E. coli and refolded from inclusion bodies in vitro. Refolded IgV and IgC proteins were chromatographed on Superdex G-75 and Superdex 200 gelfiltration columns, respectively, followed by MonoQ chromatography. Expression and purification of selenomethionine-substituted IgV was similar to that described by Zhang et al. (22) . The QuikChange site-directed mutagenesis kit (Stratagene, La Jolla, CA) was used to generate a series of point mutations of CD84. Mutant sequences were confirmed by DNA sequencing, and the proteins were purified as described for the native material.
Crystallization and Data Collection. Diffraction quality crystals of native and selenomethionine-substituted CD84 IgV domain were obtained by hanging drop vapor diffusion at 21°C by mixing 2 l of 12 mg/ml protein in 10 mM (pH 8.5) Tris⅐HCl buffer with 1 l of reservoir solution composed of 20% PEG3350, 0.3 M MgCl 2 , and 0.1 M Hepes (pH 7.5) and equilibrating samples against reservoir solution for 2 days. Diffraction was consistent with the space group C222 1 (a, 61.02 Å; b, 170.77 Å; c, 148.68 Å; and six molecules of the CD84 IgV domain in the asymmetric unit). Crystals were briefly transferred to reservoir solution containing 20% PEG400 and flash-cooled in a nitrogen stream (Oxford Cryosystems, Oxford, U.K.) at 100°K. Native data were collected to a resolution of 2.0 Å from a single crystal at the National Synchrotron Light Source X-29 beamline. MAD data (wavelengths 0.97940, 0.97970, and 0.96100 Å) were collected to a resolution of 2.4 Å from a single selenomethionine-substituted crystal at the X-9A beamline. Intensities were integrated with HKL2000 (23) and reduced to amplitudes by using TRUNCATE (24) (SI Table 3 ). Heavy atom positions were determined with SOLVE (25) and SHELX (26) . Initial phases were calculated with SOLVE and improved by using density modification methods in RESOLVE (27) . The initial atomic model of the CD84 IgV domain was built with ARP/wARP (28), except for flexible loops, which required manual intervention. Crystallographic refinement used CNS1.1 (29) and Refmac (30) . Model building was initially performed with O (31) and later with Coot (32) . All other calculations used the CCP4 program suite (24) . The quality of the final structure was verified with composite omit maps, and the stereochemistry was checked with PROCHEK (33) . Figures were produced with PyMOL (DeLano Scientific LLC, Palo Alto, CA).
Multiple-sequence alignments were performed with MultAlin (34) and rendered with ESPript (35) . Hydrogen bond distances, buried surface area, and shape complementarity were calculated by the programs CONTACT (with a cutoff of 3.5 Å), AREAIMOL, and SC, respectively, from the CCP4 package (24) .
Analytical Ultracentrifugation. The wild-type ectodomain, IgV domain, and T99A ectodomain mutant of CD84 proteins were exchanged into a buffer containing 20 mM Tris⅐HCl (pH 8.5) and 50 mM NaCl. For each sample, three or four concentrations (0.84-0.081 mg/ml for IgV, 0.89-0.076 mg/ml for ectodomain, and 0.64-0.15 mg/ml for the T99A mutant) were used in sedimentation velocity experiments. The data were collected at 20°C and centrifuged at 224,000 ϫ g in a Beckman Coulter (Fullerton, CA) XL-I, and interference scans were acquired at 1-min intervals for 5 or 7 h depending on the sample. The AUC data were analyzed with the DcDtϩ program of John Philo (version 1.99.1990) (14, 15) . The data were also analyzed globally by using the direct boundary modeling program Sedphat (16) , which allows the user to fit the data to various association schemes by using multiple as well as individual data sets.
